ABSTRACT: Accurate control of the shape transformation of polymersome is an important and interesting challenge that spans across disciplines such as nanomedicine and nanomachine. Here, we report a fast and facile methodology of shape manipulation of polymersome via out-of-equilibrium polymer self-assembly and shape change by chemical addition of additives. Due to its increased permeability, hydrophilicity, and fusogenic properties, poly(ethylene oxide) was selected as the additive for bringing the system out of equilibrium via fast addition into the polymersome organic solution. A new shape, stomatocyte-in-stomatocyte (sto-in-sto), is obtained for the first time. Moreover, fast shape transformation within less than 1 min to other relevant shapes such as stomatocyte and large compound vesicles was also obtained and accurately controlled in a uniform dispersion. This methodology is demonstrated as a general strategy with which to push the assembly further out of equilibrium to generate unusual nanostructures in a controllable and fast manner.
T he ability to kinetically manipulate the shape of polymersomes, spherical vesicles assembled from diblock copolymers, into new shape morphologies has become increasingly important for the understanding of origin of cell, disease pathology, nanomedicine, and nanorobot applications. 1−7 Simpler systems were designed to gain knowledge on the adaptability of the original cell to the environment and require a mimic of the shape change of cell membrane stimulated from chemicals present in solution. 8−20 Mimetic systems are also important in understanding some diseases originating from cell lesions and the key factors influencing the shape change, e.g., the shape change of human red blood cells from a biconcave discoid shape to stomatocyte or other shapes, resulting in blood diseases such as malaria or drepanocytosis. 21, 22 Furthermore, the interaction between cells and vesicles depends on the shapes of the latter, which involves shapecontrolled functional drug carriers for certain diseases. 23 Finally, the fabrication of biomimetic robotic devices with unusual shapes, such as active particles in stomatocyte, a bowl-shaped polymersome, requires kinetic shape-controlled procedures. 24 To address this need to provide strict control over the surface area and inner volume of polymersome, methods have been developed to tune the inner volume of polymersome. This has been achieved by adjusting the external osmotic pressure of freely suspended polymersomes with flexible membrane via dialysis or solvent exchange, such that an osmotic imbalance would induce volume change and molecule rearrangement in the membrane. 3, 25 The best candidates for such transformations were polymersomes assembled from amphiphilic block copolymers that contained flexible membranes with reduced permeability, such that they behave like lipid vesicles (liposomes) but with additionally enhanced toughness. 13 Such polymersomes, however, contained mostly flexible membranes and lacked enough toughness to retain the morphology of intermediate states during the shape transformation such as tube, stomatocytes, starfish, etc., thus limiting the number of shapes tailored from polymersome.
To precisely control these intermediate shapes, polymersomes require both a rigid membrane to keep the structure unchangeable and, upon stimuli, a membrane that is flexible enough for shape change. To solve this contradictory problem, a novel strategy was found by using organic solvent as plasticizing agent to soften the rigid membrane and capture the intermediate structures via a quenching process in water. One model system found was polymersomes assembled from poly(ethylene glycol)-block-polystyrene (PEG-b-PS), in which THF and dioxane were used as organic solvent to soften the PS membrane for a possibility of shape change and to tune the osmotic pressure over the membrane for inducing the shape transformation. Until now, four methodologies (dialysis against water or salt solution, reverse dialysis against solvent, solvent addition, and out-of-equilibrium control-setting an osmotic pressure difference during sample preparation followed by days of equilibration time) have been developed to tune the shapes into disc, prolate spheroids, rods, or stomatocytes based on this model system as well as new applications by encapsulation of active catalysts (platinum particles or enzymes) inside the inner compartment, resulting in autonomous movement of the particles. 24,26−32 However, all morphologies obtained with these methods are currently very limited in number, and the techniques used are laborious and time-consuming (>1 day), while the system is not dynamic like giant liposomes and does not allow the generation of new exotic morphologies. 33−35 Here, we propose a completely new route and methodology with which to further push the polymersome assembly out of equilibrium beyond its stomatocyte shape to reach new exotic morphologies by inducing the shape change continuously in a more-dynamic way, combining both osmotic change and controlled fusion procedure via chemical addition. We employed polyethylene glycol (PEG), to push further the polymersome transformation beyond low-energy-state stomatocyte to obtain other shapes. PEG is commonly used as a fusogen in the production of somatic hybrids and liposomes due to its dehydration effect on lipid membranes.
36−39
Interestingly, we found that in this stratagem trace amount (0.005 wt %) of PEG could successfully induced the shape change of polymersomes instead of >15 wt % for the liposome system, and this strategy can not only lead to a new pathway for reaching novel structures, such as nanosized stomatocyte-instomatocyte (sto-in-sto), but also shorten the fabrication time of all of the desired shapes among which stomatocytes to less than 1 min. Here we will mainly focus on the unusual new morphology sto-in-sto structure, its unique properties, and conditions of formation while giving a detailed description of the mechanism of formation.
The fabrication procedure of sto-in-sto shape was carried in a simple and fast manner, as illustrated in Figure 1 . Spherical polymersomes were assembled from 10 mg of PEG 45 -g-PS 230 in 1 mL THF/dioxane = 4:1 (v/v) via the slow addition of water at a rate of 1 mL/h. 40 When the volume of water reached 0.3 mL, just beyond the critical water point (0.25 mL), 200 μL of the polymersome suspension was transferred to a centrifuge tube. Next, 10 μL of PEG2000 aqueous solution (100 g/L) was added into the suspension (200 μL) at once for a final concentration of 5g/L. Due to the fast shape-transition procedure from this method, after the addition of PEG2000, the sample was only shaken for 1 min for solution equilibration and adequate mixing. At this state, the polymersome membrane is extremely flexible due to the high organic-solvent ratio (77 vol %) contained, which facilitates the shape transformation.
Dry and cryo-TEM were employed to monitor the morphology change of the polymersome. Before the addition of PEG2000, the polymersome kept a thermodynamic stable spherical shape, as shown in Figures S1 and 2A . After the addition of PEG2000, the spherical polymersomes in a size range of 300−500 nm transformed into sto-in-sto shape ( Figure 2C,D) . This shape is difficult to generate when the vesicle size is less than 300 nm due to the limited cavity space. Because four layers of membrane contained in one vesicle as shown in Figure 2c , the average size decreased from 475 nm (sphere) to 361 nm (sto-in-sto) (by accounting for 66 particles in TEM images; Figure S2 ). The cyro-TEM image ( Figure 2D ) 
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Letter shows detailed information on this structure, with only one stomatocyte connecting to the outer environment, while the other stomatocyte inserts between the two membranes of the outer one. The thickness of the membrane was measured from cryo-TEM image, with an average of 20.5 ± 1 nm ( Figure S3) , which is the same as spherical shape, suggesting that the polymer chains are arranged in the same manner as during the shape change. Moreover, the membrane thicknesses are the same from both outer and inner stomatocytes. To gain structural detail and proof of the inner structure of the selfassembled shape, 3D electro tomography, which allows for successive tilt acquisition and 3D reconstruction of the sto-insto polymersome, was constructed ( Figure 2E,F and Video S1) . The results further demonstrate that the open mouth of the sto-in-sto polymersome is very small, only around 19 ± 3 nm, and the inner stomatocyte is inserted evenly between the membranes of the outer stomatocyte.
To form this unique sto-in-sto structure, PEG indeed has a direct major contribution in this process. As previously known, the shape change of polymersome is dominantly controlled by osmotic pressure differences between the inner and outer of the vesicle. PEG is a polyether composed of ethylene oxide, and each ethylene oxide unit could bind two or three water molecules, 41 which possibly creates different osmotic gradients. 42 ,43 Therefore, we studied different amounts of PEG as the additive to test the shape change. As presented in Figure 3 , the addition of very small amounts (0.005 g/L) of PEG2000 has no influence on the shape of the polymersomes, the structures maintaining their spherical morphology ( Figure  S4A ). Increasing PEG2000 concentration from 0.05 to 0.5 g/ L, stomatocyte (mono-and multiopened) could be obtained ( Figure S4B,C) . This transition was known as osmotic pressure induced change. 26 It is worth noting that this PEG addition process was the simplest and fastest methodology found to fabricate large-scale uniform stomatocyte until now. 24,26,28−30 Once the concentration of PEG2000 reached higher values above 5 g/L, an unusual mixture of structures with shape polydispersity was obtained, ranging from stomatocytes, nested vesicles and sto-in-sto structures ( Figure S4E) ; the ratio was accounted for by a calculation of TEM images. One reason to form such multiple structures might be the ability of PEG2000 in high concentrations to induce fusion of polymersomes, with the same fusogenic properties as in liposome due to involving short-range forces critically dependent on the destabilization of the bilayers by dehydration and structural water. [36] [37] [38] [39] 44 Increasing the PEG2000 concentration to 25 g/L, the membranes of polymersomes are all fused together and aggregated to form large-component vesicle (LCVs) ( Figure  S4F ), which further demonstrated the fusogenic properties of PEG2000, caused by PEG adsorption and depletion, being affected by many factors, one of which is the vesicle surface properties.
The capability of PEG to act as fusogen of polymersome membrane as well as strong inducer of osmotic pressure change is expected to be strongly influenced by its molecular weight. For example, small PEG at a low concentration has less ability to induce osmotic pressure differences over the membrane. Therefore, besides PEG2000, we chose PEG400 and PEG10000 to perform experiments under the same conditions for preparing sto-in-sto structures. Equal-weight amounts of these PEG polymers were used to keep the same number of ethylene oxide unit that has the capability to bind equal amount of water molecules. As expected, when using a short polymer length of PEG400, no effect on the shape of polymersomes was observed ( Figure S5 ) even at high concentrations of 25 g/L. This is most probably due to a lack of depletion effect and the lower ability of bonding water. Large0size PEG10000 molecules perform a similar effect as did PEG2000 ( Figure S6 ) based on the "osmophobic association" theory. Sto-in-sto shape was obtained at a concentration of 5 g/L, and at 25 g/L, LCVs were formed, indicating that PEG10000 has similar fusogenic properties as PEG2000 on this polymersome. However, lower concentrations of the additive between 0.005 and 2.5 g/L, PEG10000 performed higher shape-induce ability. As shown in the TEM images, at 0.005 g/L about 40% of polymersomes changed to stomatocytes compared to no stomatocyte observed with PEG2000 at the same conditions; at 0.05 g/L, a tubule shape was captured; at 0.5 g/L, a well-shaped stomatocyte formed; at 2.5 g/L, mainly nested vesicles were obtained. These results indicate that large molecular weights of PEG have stronger capability for the shape transformation of polymersome.
Based on the above results and analysis, a pathway associated with osmotic pressure guiding and inner fusion process can be suspected for formation of sto-in-sto, which makes this method generally applicable to other amphiphilic block copolymers. We should mention here that the shape-transition procedure of polymersome is discontinued and too fast to be captured; thus, the proofs of the suspected pathway are only based on the collected intermediate structures from TEM images and former reports. As demonstrated from calculation and experimental evidence reported before, polymersome prefers to follow a lowenergy route to achieve the disc and stomatocyte shapes, 28, 45 coinciding with the fact that stomatocytes are the major shapes when PEG2000 concentrations are 0.05−0.5 g/L. Thus, we believe that the stomatocyte shape is mainly guided by osmotic pressure change. A high concentration of PEG2000 facilitates membrane fusion to obtain nested vesicles morphology due to the osmotic induction of the high membrane-curvature promotion, 38 and the PEG2000 induced a further shape change to the sto-in-sto through a disc-in-disc (suspected) intermediary structure (Figure 4) . 
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In conclusion, we demonstrate for the first time the folding of a self-assembled polymersome in the sto-in-sto unique morphology. We achieve this by bringing the supramolecular assembly out of equilibrium via the chemical addition of PEG fusogen to further push the polymersome transformation beyond low-energy-state stomatocyte to this unusual shape, further reaching to a thermodynamic LCVs state. 46 Cryo-TEM and 3D reconstruction provided a detailed image showing that the inner stomatocyte is located in the cavity of the outer one. We found that even traces amounts of PEG (0.005 wt %) are sufficient to induce the shape change of the polymersomes, resulting in not only a new methodology for controlled shapes but also a new pathway for reaching novel structures, such as nanosized stomatocyte-in-stomatocyte. Furthermore, this new methodology significantly reduces the fabrication time of all of the desired shapes including stomatocytes to less than 1 min and is expected to be suitable to a wide range of polymersomes. This is particularly important because the formation of stomatocytes was previously requiring time-consuming methods. PEG was demonstrated as a crucial factor to induce the shape change due to its binding water property for inducing osmotic pressure change and its fusogenic ability. We believe that this strategy could provide a new platform for shape control and the assembly of wider polymeric nanostructures with unusual architectures and functions. A spherical polymersome transferred to disc and stomatocyte shape. Next, the mouth of stomatocyte fused to the nest structure, followed with a deflation to disc-in-disc, and bent to sto-in-sto at last. Note: disc and disc-in-disc shapes are suspected as intermediate shapes, which were not captured in this experiment due to the fast transition procedure. Scale bar: 200 nm.
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